A detailed investigation of temperature-dependent micro-Raman scattering has been carried out on AlInN films with different Al compositions (0-0.53). The observed phonon frequency downshift and linewidth broadening with increasing temperature can be well explained by a model taking into account the contributions of the thermal expansion, the lattice-mismatch-induced strain, and the anharmonic phonon processes. It is found that with increasing Al composition the three-phonon process increases over the four-phonon process, but still is not the obvious prevailing process in the phonon decay of AlInN. We have attributed it to the variation of structural properties and phonon density of states in AlInN.
I. INTRODUCTION
As a wide variable bandgap semiconductor, ternary AlInN has great potential for applications in light-emitting diodes, laser diodes, solar cells, high-electron-mobility transistors, and highly reflective distributed Bragg reflectors in the ultraviolet region. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] For example, Al 0.83 In 0.17 N has been used as a strain free cladding layer on a GaN-based laser diode structure, leading to a reduction in the number of defects because it is lattice-matched to GaN. [3] [4] [5] In order to fulfill AlInN applications in commercially optical and electronic devices, the fundamental properties of this material have been studied experimentally [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and theoretically. [12] [13] [14] Starosta 11 has reported the first synthesis of AlInN polycrystalline films by a reactive multitarget sputtering method. Subsequently, there have been numerous reports about the growth of single phase AlInN by a variety of methods, 1, 3, 5, 7 with the emphasis on improving the quality, due to the large differences in chemical and physical parameters between InN and AlN. Another crucial step toward the realization of AlInN-based devices is to clearly understand the structural and optical properties. X-ray diffraction, 1,2 photoluminescence, 3, 4, 8 transmission, 2, 8 and reflection [5] [6] [7] spectroscopies have been carried out for Al-related characteristics of emission and bandgap engineering in AlInN.
In comparison with other spectroscopic techniques, Raman scattering possesses the advantages of nondestructive, contactless, and no special sample preparation such as thinning or polishing. Therefore, Raman spectroscopy has been widely employed in AlInN at room temperature. 5, 9, 10, 14 However, in contrast to the comprehensive investigation of temperature effect of Raman scattering for the binary nitride semiconductors of InN 15, 16 and AlN, [17] [18] [19] there is no detailed temperature dependence of phonon behavior in AlInN.
Extensive investigation has been carried out in InN and AlN, indicating that three-phonon process is almost the same as the four-phonon process in the decay of A 1 [longitudinal optical (LO)] in InN, 15 while the three-phonon process is the prevailing process in the decay of A 1 (LO) and E 2 (high) in AlN. 17 The introduction of Al in InN is substituted with In atom, where the random distribution leads to fluctuations of the force constants in the neighborhood, and therefore results in compositional disorder. This brings on a violation of the translational symmetry. What is the phonon decay characteristics in AlInN and how the decay process is related with the Al composition are still open questions.
In this paper, we have presented a comprehensive micro-Raman investigation of temperature-dependent phonon properties of A 1 (LO), A 2 (LO), and E 2 (high) modes in AlInN films with different Al compositions (0-0.53) in the temperature range from 83 to 473 K. In combination with a detailed theoretical modeling for the frequency downshift and linewidth broadening, we have clearly illustrated the temperature effect on the phonon frequencies and linewidths in the ternary AlInN thin films.
II. EXPERIMENTAL DETAILS
The studied AlInN films were grown on (0001) sapphire substrates by reactive rf magnetron sputtering in an ambient of argon and nitrogen. 7 The sapphire substrate temperature was monitored using a thermocouple and controlled at 100 C. During the growth, the total gas flow rate and pressure were maintained at 8 sccm and 2 mTorr, respectively. The indium and aluminum plates were separately mounted onto the targets and were simultaneously sputtered at different rf powers, while the substrate holder was rotated at a constant rate of 36 rpm. The Al composition was measured by energy-dispersive x-ray spectroscopy. Five Al dependent micro-Raman scattering spectra from 83 to 473 K were recorded in a backscattering geometry of zðx; ÀÞ z configuration using a Jobin Yvon LabRAM HR 800UV system under the 514.5 nm line of an Ar-ion laser. The employment of a 50 Â optical microscopy objective with a numerical aperture of 0.5 will yield a laser spot size of $1.3 lm.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the first-order micro-Raman spectra of AlInN films with different Al compositions at 293 K. The sharp Raman peaks of InN located at 495 and 597 cm À1 correspond to E 2 (high) and A 1 (LO) phonon modes, 15 respectively, while the $340 cm À1 is attributed to the plasma line. , respectively. A correction of the measured Raman linewidths with respect to the spectral resolution of the spectrometer led to a change in the linewidth of less than 3% and could therefore be omitted. 17 From the peak positions, we can assign the contribution a, b, and c to the E 2 (high)-, A 1 (LO)-, and A 2 (LO)-phonon modes of AlInN, respectively. 14 The above Lorentz fitting processes are employed to obtain the detailed temperature and Al-composition dependencies of the phonon frequency and linewidth. In the following, we concentrate on the phonon characteristics of the A 1 (LO), A 2 (LO), and E 2 (high) modes in the Al x In 1Àx N alloy. Figure 2 illustrates the frequencies of the A 1 (LO), A 2 (LO), and E 2 (high) modes with temperature. To demonstrate the reliability of the obtained modes, we have also shown the experimental results of AlN from Ref. 17 in Figs. 2(a) and 2(c). The downshift of the phonon frequency with the increase of temperature can be described by the perturbation model which the frequency shift is mainly due to the effects of the thermal expansion, the lattice-mismatchinduced strain, and the anharmonic coupling to other phonons. 15 The Raman frequency can be expressed as a function of temperature as: 13 =C 33 ð Þ beðTÞ, with e(T) the temperature dependence of in-plane strain for the different thermal expansion coefficients between thin films and substrates. 15, 21 The phonon deformation potentials a and b, as well as the elastic constants C 13 and C 33 , are taken from Refs. 15 and 17.
Taking into account cubic and quartic terms in the anharmonic Hamiltonian, we have the term Dx d ðTÞ as:
where nðT; xÞ ¼ ½expð hx=k B TÞ À 1 À1 is the Bose-Einstein function. In Eq. (2), the first term corresponds to the decay into two phonons of frequency x 1 and x 2 (three-phonon process), with x 1 þ x 2 ¼ x 0 ; while the second term accounts for the decay into three phonons (four-phonon process), considering simply equal frequency x 0 =3. We have employed the linear dependence of the Al content for the values of x 1 and x 2 in AlInN. M 1 and M 2 are anharmonic constants which are related to the relative probability of the occurrence of each process. Generally, the simplest three-phonon process for optical phonon decay, proposed by Klemens, is the decay into acoustic phonons of equal energy, x 1 ¼ x 2 , and opposite. 23 However, in the case of InN, the zone-center LO phonons cannot decay into two longitudinal acoustic (LA) or transverse acoustic (TA) phonons of equal frequency and opposite wave vector in the three-phonon process due to the large energy gap between the acoustic and optical phonon branches in InN (2x LA;TA < x LO ). The possibility is to decay into a large wave-vector transverse optical (TO) phonon and a large wave-vector TA phonon. 16 On the other hand, since the energy gap between the acoustic-and the optical-phonon branches is more than one half of the E 2 (high) phonon energy, the E 2 (high) phonon of InN cannot decay into either two LA (TA) phonons or one TO and one LA (TA) phonons [E 2 (high) is at the lower edge of the optical-phonon branch]. 15 As a result, only the four-phonon process has been taken into account in the decay of the E 2 (high) phonon in InN. Therefore, we have employed the similar decay processes for the temperature dependence of Raman frequencies of A 1 (LO), A 2 (LO), and E 2 (high) in AlInN films, and have found good agreement with the experimental data shown in Fig. 2 .
The solid curves in Fig. 2 are the calculated A 1 (LO), A 2 (LO), and E 2 (high) phonon frequencies with temperatures using Eqs. (1) and (2) with x 0 , M 1 , and M 2 as fitting parameters (listed in Table I ). The other parameters for AlInN are obtained by linear interpolation method from those of InN and AlN. The Raman frequency of the three modes in AlInN is found to increase linearly with Al composition, which has also been observed by Kang et al.
14 In addition to a blueshift in the Raman frequency of AlInN compared with that of InN, 15, 16 we note that the variation of x 0 with Al composition can be attributed well to the change of the lattice constant. Due to the incorporation of Al substitutionally on the In sublattice, the lattice constant decreases with the increase of Al composition, 9, 24 resulting in the increase of x 0 . Furthermore, we can also clearly observe that the anharmonic constants M 1 and M 2 of the three modes in AlInN are higher than those in pure InN. In AlInN, the alloy-induced disorder brings on an increase of phonon density of states (DOS) which leads to the enhancement of the probability of inelastic (anharmonic) scattering between the phonons and substitutional atoms. Therefore, the contribution from anharmonicity due to the alloy-induced disorder prevails with increasing Al composition. On the other hand, larger numbers of phonons are produced with increasing temperature, which also enhances the probability of inelastic (anharmonic) scattering between the phonons and substitutive atoms. As a result, the alloy-disorder anharmonicity becomes more obvious with the increase of temperature in AlInN.
The phonon broadening C(T) mainly comes from inhomogeneous impurity phonon scattering and anharmonic decay. Similar to the temperature dependence of Raman shift, the phonon broadening can be described by assuming the decay into two phonons with frequency x 1 and x 2 and the symmetric decay into three phonons again:
where C 0 denotes a damping contribution due to inherent defect or impurity scattering. The second term displays the asymmetric decay of three-phonon process, while the third term is the corresponding symmetric decay of four-phonon process. Anharmonic constants of N 1 and N 2 are the relative probability of the decay into either two or three phonons, respectively. Figure 3 shows the least-squares fit of Eq. (3) (solid curves) for the temperature-dependent linewidths of the A 1 (LO), A 2 (LO), and E 2 (high) modes in AlInN. The fitting parameters C 0 , N 1 , and N 2 have also been given in Table  I . Also shown in Figs of Urbach band tail in Ref. 8 . On the other hand, the linewidth of E 2 (high) mode is found to be smaller than that of A 1 (LO) phonon in InN, because the E 2 (high) phonon of InN can only decay into three phonons. However, the linewidth of E 2 (high) phonon increases much more rapidly with Al composition than that of A 1 (LO) phonon, which has also been found by Butte et al., 5 and Naik et al. 10 This possibly indicates that there are more channels for the decay of the E 2 (high) mode than for the decay of the A 1 (LO) phonon in AlInN.
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From the ratios of M 1 /M 2 and N 1 /N 2 , the relative contributions of the three-phonon and four-phonon processes to the total phonon decay can be estimated. Figure 4 presents the ratios of M 1 /M 2 and N 1 /N 2 for the A 1 (LO), A 2 (LO), and E 2 (high) modes of AlInN, respectively. For InN, the ratios of M 1 /M 2 and N 1 /N 2 for the A 1 (LO) mode are very close to 1.0, indicating that the probability of the three-phonon process is almost the same as the four-phonon one in the anharmonic coupling of the A 1 (LO) mode. In contrast, the ratios of M 1 / M 2 and N 1 /N 2 for the E 2 (high) mode of InN are zero, since the E 2 (high) phonon of InN can only decay into three phonons. 15 With increasing Al composition, the ratios of M 1 /M 2 and N 1 /N 2 increase for all the three modes inAlInN, revealing the increasing contribution of the three-phonon process over the four-phonon one. However, the ratios in AlInN are much less than those in AlN [M 1 /M 2 (N 1 /N 2 ) $10 and $50 for the A 1 (LO) and E 2 (high) modes, respectively], 17 demonstrating that the three-phonon process is not the obvious prevailing process in the phonon decay of ternary AlInN. The consistent variation between M 1 /M 2 and N 1 /N 2 with Al composition in these three phonon modes further indicates the reliability of our results obtained from the theoretical fitting. Moreover, according to our calculation, the ratios of M 1 /M 2 and N 1 /N 2 will be changed $1%, if there is 5% systematic error in Dx e ðTÞ as a function of Al content. However, a systematic error in Dx s ðTÞ is almost no effect on M 1 /M 2 and
We Table I . The above results demonstrate unambiguously that with the increase of Al composition in AlInN the threephonon process gradually enhances the anharmonic shift and broadening of the A 1 (LO), A 2 (LO), and E 2 (high) modes, though the four-phonon process is adequately responsible for the anharmonic decay process.
IV. CONCLUSIONS
In summary, we have investigated in detail the temperature-dependent micro-Raman scattering of Al Al composition the contribution of the three-phonon process increases while that of four-phonon process reduces, due to the variation of structural properties and phonon DOS in AlInN. The phonon properties provide an experimental basis for further theoretical investigation and the design of AlInNbased devices.
